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In  this paper  the  chemical and  concentration effects  of  KC1  and 
NaC1 in Nitella  (Table I)  are examined with a  view to mathematical 
treatment. 
TABLE I 
Chemical and Concentration Effects in Nitelta 
0.001 M  KC1 positive* to 0.01 ~ KC1  ...............................  54.7  my.** 
0.001 M  NaC1 positive to 0.01 ~ NaC1  ..............................  I  20.9  my.*** 
0.01 ~ NaC1 positive to 0.01 M KCI  ................................  82.9  my. t 
0.01 M  NaC1 positive to 0.005 ~ KC1 -t- 0.005 ~r NaC1  ...............  68.8  my. 
* I.e., positive in the external circuit. 
** Average of 25 experiments: probable error of the mean 1.6 %  of the mean. 
***  "  "  23  "  "  "  "  "  "  4.5 %  "  "  " 
t  ....  8  ............  3.2%  ....  " 
~.  ....  16  ............  3.8 %  ...... 
The experiments were performed on Nitella flexilis at a temperature of 19  ° to 
20°C. according to the technique previously described) 
The concentration effects were measured in the best range (0.01 ~  to 0.001 •1) 
on intact cells, giving values higher than those previously obtained  1 for KC1 with 
intact cells (and more nearly like those obtained with cells having one spot killed 
with chloroform  2) ; this is probably due to the fact that in the present experiments 
broader contacts were employed, reducing the protoplasmic resistance, which, as 
10sterhout, W. J. V., and Harris, E. S., J. Gen. Physiol., 1928-29,  12, 761; Proc. 
Soc. Exp. Biol. and Med., 1928-29, 26, 838. 
2 When one spot is killed with chloroform the resistance which is called Ra in the 
subsequent discussion is reduced: in the present experiments R~ was reduced by 
broad contacts (without applying chloroform). 
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will be explained presently, gives a more accurate measure of the l'.O.  In addition 
broader air gaps were used, thus giving better values.  Also the intact cells appear 
to have been in better condition than in the previous experiment (it is well known 
that injury causes the values to fall off).  During the earlier experiment the criteria 
of injury and the methods of preparing the cells were not nearly so good as now. 
Furthermore, different concentrations of KC1 were placed in succession on the same 
spot but in the previous experiment they were applied simultaneously to different 
spots. 
I  wish to thank Mr. Philip R. Averell for the care which he has be- 
stowed upon these experiments. 
Following  the  conceptions  developed  in  previous  papers  we  may 
picture the protoplasm as shown in Fig. 1.  The potential at the outer 
surface of X  may be  called EAx, the corresponding value at C  being 
~,,ectromete~  ~ 
I  C~ll wall 
',  X  ~Proto- 
',;  Vy  Jplasm 
FIG.  1.  Hypothetical  diagram  of  the  protoplasm of IYitella.  The  principal 
circuit is shown by the broken line. 
Ecx.  The  sum of  the  other  potentials  at A  may be called EA,  the 
corresponding value at C being called E o  The total ~..~r.l~. (which we 
may  call  E) is/~  =  E a  +  Fax +  Ec +  Ecx.  Since  ordinarily E a 
and E c are equal  and opposite they cancel out and we may put E  = 
]FAx +  Ec x. 
The observed 1,.3.  may be due to potentials of various kinds.  The 
Donnan potential will be left out of account because the  cell cannot 
very well be in equilibrium  with  two  different solutions at the  same 
time,  and it does not seem probable that  a  local  pseudoequilibrium 
can be set up in a  few seconds at A  or C  between the aqueous layer/ 
W,  of the protoplasm  and  the  external  solution  (the  case  being en- 
3 To set up a new equilibrium in W would involve a new equilibrium between W 
and the sap. W.  J.  V.  OSTERHOUT  717 
tirely  different  from  establishing  a  pseudoequilibrium  between  the 
outer surface of X  and the external solution as discussed later on).  If 
the system is on the way to a  Donnan potential the P.D. will  depend 
largely  on  mobilities.  We  shall  therefore  consider  only  diffusion 
FIG. 2.  Photographic record showing the effect of substituting 0.01 M KC1 for 
0.001 ~ KC1 at A (Fig. 1) when C is in contact with 0.001 ~ KC1.  Before the appli- 
cation of 0.01 M  KC1 at A the recording instrument is connected to C and to a cup 
containing 0.01 ~ KC1 but the cell does not touch this  cup (this  part of the rec- 
ord is marked "free grid").  The left-hand  end of the cell (A), which is imbibed 
with 0.001 5~ KC1, is wiped  off  and  is then dropped into  the  cup  and  at the 
moment of contact the curve begins to rise:  equilibrium  is  quickly  established. 
The time marks represent  5-second intervals. 
potentials  and  phase boundary potentials.  Let us begin with  calcu- 
lations  on  the  basis  of diffusion potentials  alone. 
Calculation  of Dil~usion  Potentials 
If we apply 0.001 ~  KC1 at A  we may suppose that its behavior at 
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general:  it has been found that  the 1,.D. set up with such  substances 
reaches its full value very quickly and this seems to be also the case 
with protoplasm as shown in Fig.  2.  The usual  assumption  is that 
the outer layer of the non-aqueous substance  (which may be  only a 
few molecules thick and which may be called l)  very quickly  comes 
into pseudoequilibrium with the aqueous solution.  If this be the case 
and  there  is little  or  no  phase  boundary potential  the  mean  ionic 
activity (ax =  x/~acl) of KC1 in the aqueous solution must be equal to 
that in X  which is a'~ =  %,/a'Ka'cl.  We then have the system 
x 
6tl 
Pba  Pdl 
where a'~ represents the mean ionic activities of all the salts in X where 
it is in equilibrium  with tap water  (in which the cell has  been kept 
previous to the application of KC1), Pb~ is the phase boundary poten- 
tial and Pdl is the diffusion potential.  The resulting I,.D. in the outer 
portion of X  at A  may be called  Eax o.o01 and that at C may be called 
ECX 0.001" 
We may then write 
EAX 0.0at  =  ECX 0.00l  =  Pb~ +  Pdt 
If we allow the solution of KC1 0.001 ~t to act for a few minutes, until 
the layer l has reached appreciable thickness, and then apply KC1 0.01 M 
we  may  conclude  from  the  photographic  records  (which  resemble 
Fig. 2) that in a very few seconds the outer part of l, which we may call 
lo  (consisting of only two or three layers of molecules),  comes  into 
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where a2 is the mean ionic activity of KC1 in the aqueous solution, a'2 
its mean ionic activity in lo,  and Pb2 the phase boundary  potential. 
The  resulting  P.D. may be  called Eax o.ol -o.ool  so that we may write 
Eax o.ol-o.ooi = Pb, + Pd2 + Pdl 
In order to obtain this we first measure the P.D. with 0.001 ~  KC1 
at both A  and C  (this is ordinarily not far from zero, otherwise the 
experiment  is  rejected).  We leave  these  solutions in place for sev- 
eral minutes  4 and then replace the 0.001  ~  KC1 at A  by 0.01 ~  KC1 
and  measure  the  v.D.  immediately  5  thus  obtaining  the  value  of 
Eax o.ol- o.ool  -  Eax o.ool (concentration effect)  which may  be  called 
Eoono. so that we may write 
Ecoac. -- E,  Ax o.oi-o.ool -- E,  AX o.ool 
= Pb~ q- Pd2 .-[- .Pdx -- (Pbt q- Pdl) 
=  Pb2 --  Pbl  :t- Pd2 
If the phase boundary potentials  Pbl and Pb2  are  approximately 
equal we may put 
Econc. = Pd~ 
It seems probable  that electrical conditions in the protoplasm may correspond 
to some extent with the diagram in Fig. 3 (the circuits are, of course, not insulated 
from each other in the protoplasm).  Here Ix represents the current in the cell wall, 
I2 that in X, Is that in Y and sap.  Et is a small diffusion potential in a "hori- 
zontal" direction in the cell wall due to concentration effect (this is absent  when 
we deal with chemical effects) : E2 is the diffusion potential ina"horizontal"direc- 
tion in X and Es the potential in a "verticaF' direction in X (the terms "horizontal" 
and "vertical" presuppose that the cell is oriented  as in Fig.  1), R1 is the "hori- 
zontal" resistance of the cell wall, R2 the "horizontal" resistance of X, and Rs the 
"vertical" resistance of X and Y at A and C plus the "horizontal" resistance of the 
sap. 
Assuming  that E3  corresponds  to what we have called Econc. above it is evi- 
dent that we approach its true value when we make RI large  and R~ small.  We 
make R1 large by increasing  the distance  between  the contacts (this  was 2 to 5 
cm.) and diminish R~ by making the contacts broad (in this case 2 cm.) : R8 is often 
reduced by action currents (due to handling or to applications of solutions at a dis- 
4 The P.D.'S usually remain quite constant during this interval. 
5 The measurements  are made from photographic records similar to that shown 
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tance from the contacts) which have been shown by Blinks  6 to reduce the proto- 
plasmic resistance.  When the wall is imbibed with tap water as in most of these 
experiments the values, according to Blinks,  6 are approximately as follows: R1  = 
10 to 25 megohms, probably  R2 =  100 megohms or more, Rz =  0.4 to 0.6 megohms. 
We assume that/~1 corresponds to the concentration effect  due to the cell walP 
which acts very much like additional resistance in R1 so that the greater E1 (pro- 
vided it does not exceed F~) the nearer we come to  T the true value of Ea (for 0.01 
vs. 0.001 ~s KC1 the value of El is about 17 my.).  Under these circumstances we 
measure practically the full value of E3:  this is apparent on setting up the usual 
Kirchoff equations (r.D.  = E1 +  I1R1 =  E,  -  I2R2  =  E3  -  IaR~ and 11 = Is +  I,) 
and is indicated experimentally by the near approach of the observed concentra- 
Fie. 3.  Hypothetical diagram of electrical conditions in Nitella.  See text. 
tion effect of 0.01 vs. 0.001 M KC1 (54.7 my.) to the theoretical maximum (56.215 
allowing for activities). 
The most reliable measurements are obtained when the cells  are in the best 
condition and fairly free from action currents, since the latter often produce an 
effect analogous to that of an outward movement of K + from the sap  6 to the outside 
of the protoplasm.  It is evident that if such a movement should occur when meas- 
uring the P.D. of 0.001 ~  KC1 vs. 0.01 M KCI the effect  would be to increase the 
concentration of 0.001 ~  KC1 relatively more than that of 0.01 ~  KCI and hence 
to lessen the observed concentration effect. 
Blinks, L. R., J.  Gen.  Physiol.,  1929-30, 13, 495.  These values are for cells 
where the value of R~ is reduced by broad contacts (as in the present case)  or by 
frequent action currents. 
The fact that the concentration effect  of NaC1 is so low must mean that the 
mobility of C1- in X is greater than zero. 
7 What is said of E1 also applies to a  certain extent to E2. W.  J.  V.  OSTERHOUT  721 
Hence those measurements  are chosen which run high for an entire lot of cells 
but the average of such a lot is taken rather than the highest individual value since 
the latter might be due to an E.~.~. in some layer other than X. 
We may calculate  the  relative  s mohilities  by the  usual  equation 
(for 19°C.) 
~.  --  ~  ~n 1 
l'.D.  =  0.058 U +------v  log a'-~ 
where a't and a'2 are the mean ionic activities of KCI in lo and l.  Since 
these must be equal  to the mean ionic activities  9 at and a2 in the ex- 
ternal solutions we may put a'l =  at =  7 cl and a'~ =  a~ -- ~ c~ (where 
cl and c~ are the external concentrations and -y is the activity coefficient) 
so that we  have  (the  observed value being 54.7  my.) 
u -  ~,  (0.899) 0.01 
0.0547  0.058  ~-  tog (0.--~-~ 0.0Ol 
This gives u  --  v  --  73.24,  and putting for convenience  I° v  --  1 we 
have for the mobility of K + in X, uK  =  73.24. 
In the same manner we have  9 for NaC1  (where the observed P.D. 
is 20.9 inv.) 
u -- v  0.903 (0.01) 
0.0209  =  0.058 ~-~v log 0.966 (0.001) 
from which u~a, the mobility of Na + in X, is 2.18. 
There is a  great difference in the significance of these values.  It is 
evident from Fig. 4 that a  considerable error in measuring the P.D. of 
the concentration effect will not make much difference in u  when the 
P.D. is small, but it makes a very great difference as the P.D. approaches 
56.215  (the  theoretical maximum for KC1,  allowing  for  activities). 
Hence the value of UNa is reliable but that of u~: is not.  The  latter, 
however, may be satisfactorily obtained from the chemical effect,  as 
8 Similar calculations have been made for Valonia.  Cf. Damon, E. B., and Os- 
terhout, W. J. V., J. Gen. Physiol.,  1929-30,  13, 445. 
9 The  activity coefficients are taken from  Scatchard,  G., J. Am.  Chem.  Sot., 
1925, 41, 648. 
i0 It may be noted that  we should not expect to be able to measure diffusion 
potentials in a non-aqueous layer (such as X  presumably is) where the concentra- 
tion of ions is probably small, were it not for the fact that considerable difference 
exists between u  and v. 722  CALCULATIONS  OF  POTENTIALS  IN NITELLA.  I 
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FIG. 4.  Calculated concentration effect for tenfold dilution of KCI when v  =  I 
and UK varies, and calculated chemical effect of 0.01  x, NaC1 against 0.01 z~ KC1 
when v  =  1, uNa  =  2.18,  and uK varies. 
is evident from Fig. 4 for the observed  ~1 P.I). of 0.01 ~  NaCI  vs.  0.01 
KC1 is 82.9 my. and in this region the slope of the curve is such as 
to give reliable values. 
We may employ the equation of Planck or that of Henderson, both 
11 The measurements were made  as in determining the concentration effect of 
KCI, using 0.01 ~  NaC1 in place of 0.001 ~t KC1, so that al becomes the activity of 
0.01  ~s NaC1. W.  ]. V.  OSTERHOUT  723 
of which in this case reduce to the same formula.  If the concentration 
of KCI in the surface of X  is equal to that of NaC1 (and the tempera- 
ture 19°C.) the formula is  12 
,  u~:  -t-  1 
0.0829 =  0.058 log uK -t-_____~  =  0.058 ,og ~  ~r i 
UNa "~- V 
This gives u~  =  85.45. 
If we calculate the P.D. of 0.01 ~  KC1 vs. 0.001 ~t KC1 by means of 
this value we have 
UK -- v I  8.99 
~.D.  -- 0.058 ~  og 0.--~5 
85.45 -- 1 
=  0.58 
85.45 +  1 
--- 54.9 
The observed value is 54.7. 
This may be checked by measuring the P.D. of KC1 0.01 M against 
mixtures  of  Na  and  K.  We  may  employ  Henderson's  formula, ta 
which in this case reduces to 
V 
where UI  --  (UK) (conc. K + in  Sol. I)  +  (UNa) (conc.  Na+ in Sol. I), 
Un  --  (uN~) (conc. Na + in Sol. II), and V  --  (Vcl) (conc. C1-).14 
When Solution I  contains 0.005 ~  KC1 +  0.005 ~  NaC1, and Solu- 
tion II contains 0.01 ~  NaC1 we have UI  =  (85.45)  (0.005)  +  (2.18) 
(0.005), Un --  (2.18)  (0.01), and V  --  (1) (0.01) so that we have 
0.4273 +  0.01 
P.D. =  0.058 log  =  66.0 my. 
0.0218 +  0.01 
The observed value is 68.8 my. 
12 For a brief discussion of Henderson's and Planck's formulae the reader may 
be referred to Michaelis, L.,  Hydrogen ion concentration, Baltimore,  1926. 
13 This involves the assumption that the concentration of  K + in X  bears the 
same relation to  that of Na + as in the aqueous solution.  Thereis  no harm in 
making  this tentatively.  It  also  involves  the  assumption  that  the  electrolyte 
concentration is the same throughout the boundary between NaC1 in X  and KC1 
in X, as is the case at the very start before diffusion has had time to accomplish 
much. 
14 The concentration of C1- is the same in both solutions. 724  CALCULATIONS  OF  POTENTIALS  IN  NITELLA.  I 
It may be remarked in passing that there is a theoretical advantage 
in measuring the system a'~  I  a'l  (successive solutions on  the  same 
I 
r  !  I 
spot) rather than a'2  t  a ~  ,  a'l (different solutions on different spots) 
I  [ 
for it is well known from experiments in vitro that in general we should 
expect different values in the  two  cases  (and  this  is in  accord  with 
Henderson's  equation). 14°  This  of  course  would  not  apply  in  the 
case of phase boundary potentials. 
The  equations  of  Plan&  and  of  Henderson  take  no  account  of 
activities but this is remedied by some of the more recent  formulae. 
If,  for example, we could assume that  (as in the case of Henderson's 
equation)  the  electrolyte concentration  is  the  same  throughout  the 
boundary between NaCI in X  and KC1 in X  (as is the case at the very 
start before diffusion has had time to accomplish much)  and  that at 
each  concentration  ionic  activities  and  conductances  are  approxi- 
mately  independent  of  the  accompanying  (monovalent)  ions,  the 
partition  coefficient and  dissociation  in  X  being  approximately  the 
same for NaC1 and KC1, we might adopt the equation used by Mac- 
Innes and Jones  15 for aqueous solutions and write 
FdE =  RT (TNad In a'N~ +  TKd In a'K --  Tcld In a'Cl) 
in which  TN, ,  TK and  T m  are  the  transference  numbers of  the ions 
for mixtures in X.  According to Maclnnes this leads to the equation 
(at 19°C.) 
(1  -- ArK)  -- x2(NNa -- NK) 
/~ =  0.058  log 
(1  -- NK)  -- &(NNa  -- -ARK) 
where 2FN~ and N K are the  transference  numbers of  the ions in solu- 
tions of the pure salts in X,  and x~ and x2 are the molar proportions of 
NaC1 in the external aqueous solutions (and by assumption in lo and l). 
14, In Nitella  there is often no great difference between the two measurements. 
15 MacInnes~ D. A., J. Am. Chem. Sac., 1921, 43, 1217.  Maclnnes,  D. A.,and 
Yeh, Y. L., J. Am. Chem. Soc., 1921,43, 2563.  Maclnnes, D. A., and Jones, P. T., 
J. Am. Chem. Sot., 1926, 48, 2831.  MacInnes, D. A., and Cowperthwaite, I. A., 
Trans.  Faraday Soc.,  1927, 23, 400.  Smith, g. R., Bureau of Standards  J. Re- 
search, 1929, 2, 1137. 
Some of the assumptions mentioned in the text may be unnecessary. W.  J.  V.  OSTEI~OUT  725 
When NaC1 is absent from one solution so that xl (as in the present 
case)  becomes zero we have 
(1  --  NK) -- X~(NNa -- NK)  E =  0.058 log 
1  --  NK 
The transference number  of Na + is 2.18  +  2.18  +  1  -- 0.6858  and 
that  of  K+  is  85.45  --  85.45  +  1  =  0.98839.  Substituting  these 
values we have for 0.01 u  NaC1 vs. 0.01 u  KC1 (where x,  --  1) 
(1  -  0.98839) -  (0.6858 -  0.98839) x, 
P.D.  =  0.058  log 
1 -- 0.98839 
=  0.058 log (1 +  26.063 x,) 
=  83.08 inv. 
For 0.01  M NaC1 vs.  0.005  ~r KC1  +  0.005  M NaC1  (where  x,  =  0.5) 
we have 
P.D. =  0.058 log (1 +  (26.063) (0.5)) 
=  65.62 Inv. 
Both of these are in close agreement with the other calculations. 
These calculations may  be checked by considering relative conduct- 
ances which may  be calculated by means of the formula 
aC'KCl (uK +  v)  Relative conductance  16 = 
aC'N~ci (uNa +  v) 
where  a  is the degree of dissociation and C' is the concentration in X. 
Assuming these to be approximately the same  17 for KC1 and NaC1 we 
have 
85.45 +  1 
Relative conductance  =  --  =  27.19 
2.18 +  1 
~6 As usually employed this is specific conductivity but for comparative pur- 
poses as in this case two conductances under the same conditions may be used. 
t7 If the values of C'K and C'Na are equal it does not follow that the concentration 
inX of undissociated  molecules (which may be the form in which penetration chiefly 
occurs) is equal since the dissociation constants may differ.  For this reason and 
also because permeability may be determined by Y rather than X we need not look 
for a close correspondence between P.9. and permeability. 726  CALCULATIONS  OF  POTENTIALS  IN  NITELLA.  I 
According to Blinks  ~ the observed value  TM  in the most reliable range 
(about 0.1 ~) is from 25 to 50 (i.e., the resistance per square centimeter 
in contact with 0.1  ~  KC1 is 4000  ohms and  in contact with 0.1 
NaC1 is 100,000  to 200,000  ohms). 
Calculation of Phase Boundary  Potentials 
Let us now consider calculations on the basis of phase boundary po- 
tentials alone.  For the P.D. of 0.01 ~r NaC1 vs. 0.01 ~r KC1 we have 
E  = Pb~ -- Pb, 
where Pb2 is the phase boundary potential of 021 ~r KC1 at the outer 
surface of X  and Pbl that of 0.01  ~a NaC1.  If we employ the  usual 
equations  l° (which take no account of activities and are of very doubt- 
ful validity) we may put (since the observed P.D. is 82.9  mY.) 2° 
0.058  AK 
0.0859  =  log  a 
where A~ and A~  are  the "true" partition coefficients  l°  of K + and 
Na + between the external solution and X.  From this A~ +  ANa  = 
722.27 and we may for convenience put AI: =  722.27 and Ar~ =  1. 
For 0.01 ~r NaC1 vs. 0.005  ~r KC1 Jr 0.005  ~t NaC1 we should then 
have  ~0 
P.D. =  0.029 log AKCK +  ANaCNa 
ANaCNa 
(722.27) (0.005) +  (1) (0.005) 
=  0.029 log 
(i) (o.01) 
=  74.2 my. 
The observed value is 68.8  inv. 
The  concentration  effect  presents  greater  difficulty.  It  is  well 
known that no  concentration  effect is  to  be  expected  from  phase 
18 It should be remembered that the measurements by Blinks have to do with 
the resistance across the whole protoplasm while the calculations of mobility may 
apply only to X. 
lo Cf. Osterhout, W. J. V., J. Gen. Physiol., 1927-28,  11, 83. 
s0 In this calculation concentrations are employed instead of activities merely 
for convenience. W.  J', V.  OSTERHOUT  727 
boundary potentials unless we make special assumptions.  Were this 
done as suggested by Beutner,  ~* for example, we should  expect the 
same concentration effect for KC1 as for NaC1.  This is not  true of 
Nitdla where the concentration effect of NaC1 is much  smaller,  as 
would be predicted on the basis of diffusion potentials since KC1 is 
strongly negative to NaCI. 
If, however, we assume that the "true" partition coefficients vary 
with concentration as well as with the nature of the ion  we  might 
avoid this difficulty, but we should be obliged to assume great varia- 
tion.  For example, if the "true" partition coefficient of K + at the 
concentration 0.1  ~t be  called AKoa and  that  at  the  concentration 
0.001  ~  be called  AKo.ool and if  the observed P,D. between 0.1  and 
0.001  ~  KCI be: 116 my. (Acl being constant) we have 
AKOA 
P.D. = 0.116 = 0.029 1OgAK  0.001 
whence  ~2 AKo.t  +  AKo.ool =  10,000. 
t~i!To calculate the relative conductance we might assume as a  first 
approximation that the degree of dissociation and the mobilities in X 
are about the same for KC1 and NaC1 and we should then have 
~C'r~ (us + ~)  Relative conductance  aC'Na  (uNa + v) 
C'K 
=  CtNa 
where C'K is the concentration of K + and C'N~ that of Na + in X, 
Using the equations given above the value of C'K +C'N~ may be ob- 
tained as follows: we have  :9 
P  o.  o  0.058  log 
"1/  AN~ 
CKAK  C'Na 
=  0.058 log  C'K  CNaANa 
31 Beutner, R.,Die Entstehung elektrischer Str~Sme in lebenden Geweben, Stutt- 
gart, 1920.  Michaelis,  L., Hydrogen ion concentration, Baltimore, 1926.  Oster- 
hout, W. J. V., J. Gen. Physiol., 1927-28, 11~ 83. 
This value would, of course, be smaUer if Acl varied in the opposite way from 
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where CK is the concentration of K+ in the external solution  and  CP~ 
its concentration in X, etc.  Since CK  ----- CN~ we have 
Dividing  both sides by 
we have 
/~K-K  AK CINa 
Na  ANa CtK 
CIK 
CtK  ~  ~//~Na 
CINa 
In the present  case we have 
Re]ative conductance  =  Cp~K =  A/=  %/72-~-.27 -~ 26.88 
CPN~ 
It is evident that we can approach the observed value of 25 to 50 by 
putting uN~ approximately equal to uK, but this seems improbable  in 
view of the  fact  that  K  and  Na  differ  so  widely in  their  behavior 
toward protoplasm. 
Calculation of Mixed Potentials 
It is clear from all that has preceded that the calculations are very 
satisfactory if we consider that phase boundary potentials play such 
a  subordinate r61e that  they may be neglected and this would be in 
harmony with recent theoretical tendenciesY 
If, however, we grant  that  there may be  cases where both phase 
boundary  potentials  and  diffusion  potentials  play an  important 
r61e it may be of interest to see what values are obtained by assigning 
equal  weights  to  phase  boundary  potentials  and  diffusion  poten- 
tials  by putting Pb~  -  -Pbl =  Pd2 in  the equation Ec ....  =  Pb2  - 
Pbl  +  Pd,  (which gives the value of the  concentration  effect).  For 
0.01 ~  vs.  0.001 ~  KC1 we should then have  0.05'47  =  Pb~  -  Pbl  + 
Pd2 whence t'd~  -  0.0547  _  0.02735  -  UK  --  1  (0.058)  log  8.9_99 
2  UK +  1  0.965' 
Guggenheim, E. A., J. Phys. Chem., 1929, 33, 842.  Cremer, M., Handb. norm. 
u. path. Physiol., 1928, 8, pt. 2, 1034 (especially the remark concerning Debye). W.  ~. V.  OSTEPJ:[OUT  729 
whence uz  =  2.895  and  in similar fashion  we  obtain  UNa  =  1.456. 
We may call the phase boundary potential, when  the protoplasm is 
in  contact with 0.01  ~  NaC1,  Pb3 and  put 
Pb, -- Pb8  0.0829  _- 0.029  log AK 
whenceA z+ Am =  26.87 or putting ANn =  1 we have AK  =  26.87. 
Using these figures we may calculate  the P.D. of  0.01  ~  NaC1 vs. 
0.005 ~  NaC1 -t- 0.005 ~  KC1.  We then  have 
UI +  V  log CKAK -[" CNaANa 
P.D. =- 0.058 Iog U-~II~  ~' +  0.29  CNaANa 
--- 0.00548 +  0.0419 
=  48.4  my. 
The observed value  is 68.8  my. 
To calculate the relative conductance we should have (assuming the 
degree of dissociation of KC1 in  X  to be about the same as  that of 
NaC1) 
C'~(.K  + ~) 
Reladve conductance = 
C'N~(.N~  + ,) 
--  (3.89s  
=  8.22 
Since the observed value is 25 to  50 it is evident this method of cal- 
culation is  unsatisfactory. 
The  assumption  that phase boundary  potentials  are as important 
as diffusion potentials in the concentration effect does not appear to 
be a  fortunate  one. 
DISCUSSION 
It is clear that for purposes of calculation it is much better to pro- 
ceed as if diffusion potentials predominated.  As the ionic mobilities 
found by these calculations are unlike those in water the nature of the 
protoplasmic  surface becomes an  important  question.  This  surface 
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(either occurring naturally or when squeezed out of the cell by pres- 
sure) commonly rounds up like an oily liquid, but this might occur if 
it were covered with a  very thin solid film,  comparable to a  drop of 
mercury with a film of oxide on its surface.  Plant protoplasm which 
secretes cellulose may possibly have on its outer surface a  very thin 
film (solid or semisolid) of something like cellulose, which may adhere 
to the protoplasm and pull away from the cell wall during plasmolysis 
(but such  a  film  seems much less probable in  the  case of the inner 
protoplasmic surface which surrounds the vacuole in most plant ceils). 
The mention of cellulose  raises the  question whether  the cell sur- 
face acts  like  certain  collodion  membranes  whose P.D.'s  (somewhat 
resembling those of Nitella) are, according  to Michaelis, ~4 explainable 
on  the  basis  of  diffusion  potentials.  (Collander, ~  and  Northrop 26 
state that these membranes resemble the protoplasmic surface in some 
other respects.) 
As nothing could be more welcome than a satisfactory model of the 
cell surface it may be desirable  to inquire  whether  collodion  really 
suffices for this purpose.  Aside from the necessity of  supposing the 
cell surface to be always solid there are  difficulties.  The concentra- 
tion  effects, for example,  which  are  almost identical  for HC1,  KC1, 
NaC1, and LiC1 with collodion, differ greatly  27 in Nitella.  For collo- 
dion the ionic series is the same as with water (as far as investigated: 
Cs has not been studied); if this applied to Nitella each ion in the series 
Cs, Rb, K ~, Na, Li should be positive to all those preceding it and nega- 
tive to all those following it.  This is by no means the case:  for ex- 
ample  K and Rb are  28 strongly positive to Cs, and likewise  tetraethyl 
ammonium fails to show the positivity to Na which is expected. 
The fact that the ionic series is not the same as for water would be 
24 Michaelis,  L.,  and  others.  Articles in  J.  Gen. Physiol.,  1925-29, 9-12. 
Molecular physics in relation  to  biology, Net. Research Council Bulletin, 1929, 
No. 69, 119. 
2~ Collander, R., Kolloidchem. Beik., 1924, 19, 72; 1925, 20, 273;  Soc. sci. Fennica, 
commentationes biol., (6) 1926, 2, 1. 
~6 Northrop, J. H., J. Gen. Physiol., 1927-28, 11,233; 1928-29, 12,435; 1929-30  , 
13, 21. 
27 This will be discussed in later papers. 
2s A similar effect is reported for muscle by H6ber, R., Physikalisehe  Chemie 
der Zelle und der Gewebe,  Leipsic, 6th edition, 1926, 650. W.  J'. V.  OSTF.RHOUT  731 
intelligible if the outer protoplasmic surface were non-aqueous and we 
should expect the order to be an inverse function of the atomic weights 
unless disturbed by attractions between the ions and the non-aqueous 
phase producing results similar to hydration in aqueous media. 
In this connection we need not detail all the features which must 
exist in a  non-living model before it can be called completely satis- 
factory, but it may be desirable to emphasize certain fundamentals. 
(1)  The surface of a  growing cell must admit both anions and ca- 
tions  or  undissociated  molecules of  electrolytes.  H6ber  ~9  suggests 
that the surface of such cells is comparable to a mosaic of positive and 
negative collodion membranes: but how could such a mosaic be created? 
Is it not simpler to suppose that the  protoplasmic surface is a  non- 
aqueous phase through which salts pass by forming molecules, just as 
HC1 passes through air from one aqueous solution to another by tem- 
porarily forming molecules?  In this respect air may act in somewhat 
the same way as the protoplasmic surface but various non-aqueous 
substances, such as amyl alcohol, may furnish a closer analogy.  Such 
formation of molecules would permit only a slow passage but certain 
substances with molecules preformed in the solution (e.g., NH3, H~S, 
COs) show a more rapid passage through air, amyl alcohol, and proto- 
plasm.  But not all molecules pass out with equal facility; for example, 
we observe (with air, with amyl alcohol, and with protoplasm) a ready 
passage of alcohol but not of sugar. 
The  chemical and concentration effects indicate that certain ions 
enter X  and it is of course possible that ion  pairs,  such as Na +  + 
CI-, penetrate rapidly enough to play an important rSle in permeabil- 
ity or that H + and organic anions, produced in the cell, are exchanged 
for Na + and Cl-, but the high electrical resistance of the protoplasm 
for most ions, observed by Blinks,  6,3° does not favor this idea.  If the 
outer surface of the protoplasm is non-aqueous (lipoid, for example) it 
would presumably contain a  higher concentration of molecules than 
of ions so  that  (unless the mobility of ions greatly exceeds that  of 
molecules) penetration would be largely in molecular form. 
(2)  Subjecting  normal  cells of  iVitellct  or  Valonia  to  an  electric 
29 H6ber, R., and Hoffmann, F., Arch. ges Physiol.,  1928, 220, 558. 
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current produces a  series of effects (e.g.,  back v..~.F,  with direct cur- 
rent, falling off of impedance as a function of the frequency with alter- 
nating current)  not imitated by collodion or by amyl alcohol or other 
non-living  models except perhaps  by metallic electrodes.  6 
(3)  In  many  cases the protoplasmic  surface undergoes  great  and 
rapid changes in permeability with complete or partial recovery which 
have not yet been satisfactorily imitated by any model. 
In view of these and other complications the question of a  model 
appears  to need further investigation. 
SUMMARY 
The I'.D. of 0.01 ~  vs. 0.001 ~  KC1  (concentration  effect) in Nitella 
is 54.7 my.  and  that  of NaC1 is 20.9 my.  The  t,.D. of 0.01  M NaC1 
vs. 0.01 ~  KC1 is 82.9 my. 
If we assume that  diffusion potentials predominate we may calcu- 
late the relative mobilities of the ions in the outer layer of the proto- 
plasm.  If  we  put  Vcz  --  1  we  obtain  UK  ---- 85.45  and  UNa  =  2.18. 
(These  values  depend  upon  the  fact  that  the  mean  ionic  activities 
in this layer must  be equal  at  equilibrium  to  the mean  ionic activi- 
ties in the external solution.) 
Using these values the calculated P.D. of 0.01 ~  NaC1  vs.  0.005  ~r 
NaC1  +  0.005 M KCI is 66 inv.  (the observed value is 68.8 my.) and 
the  conductance of KC1 in  the outer layer of the  protoplasm  is 27 
times as great as that of NaC1 (the observed conductance for the whole 
protoplasm is 25 to 50 times greater for KC1 than for NaC1). 
Calculations  on  the  basis  of phase  boundary  potentials  are  less 
satisfactory. 